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THE DEVELOPMENT STRESSES 
SHASTA DAM 


SYNOPSIS 


accordance with the practice adopted many other major dams con- 
structed the Bureau Reclamation (USBR), United States Department 
the Interior, and other agencies, strain meters and other instruments were 
Shasta Dam, Calif., during construction give continued 
assurance structural integrity and furnish data leading future refine- 
ments design and analytical methods stress analysis. Determination 
stress from long-time strain measurements concrete, which creeps under 
load, involved process, and the method analysis presented here 
aid evaluating the stress observations. Stresses were determined near the 
base the spillway Shasta Dam, and the relation observed stress 
construction procedures discussed. Data are presented the form 
graphs showing year-by-year development stress. Vertical stress distribu- 
tion unusual since the maximum compressive stress occurs near the center 
the base. wide variation stress the exposed face 
zontal normal stress appears omnidirectional, and shear stress much 
like that predicted nonlinear stress analyses. Principal stresses lie very 
close the transverse plane and show gradual progression inclination from 
upstream downstream face. Near the toe, the second principal stress 
tension. The general shape the vertical stress distribution curve appears 
established the weights the individual blocks the time the con- 
traction joints the base the dam were grouted. lie generally 
the region bounded the upper one-third line and the center the base. 
Stresses are generally low, and the dam appears amply stable. 


comments are invited for publication; the last discussion should submitted 
August 1952. 


Head, Structural Behavior Group, Bureau Reclamation, Dept. the Interior, Denver, Colo. 


SHASTA DAM 


INTRODUCTION 


Ever since 1926, when participated with the ASCE the Arch Dam 
Investigation conducted the Joint Committee Founder the 
USBR has made detailed measurements the structural behavior its major 
dams give continued assurance structural safety and furnish data 
leading refinements design. Measurements have been made stress, 
strain, volume change, temperature, uplift, pore pressure, deflections, joint 
opening, cracking, seismic action, and foundation deformations. Although 
some cases stress concrete dams has been measured directly with stress 
meters, the greatest reliance has been placed the stress computed from strain 
meter measurements indams. The development suitable meters for reliable 
measurement long-time volume change concrete has been gradual, cul- 
minating 1934 the elastic-wire strain meter developed Roy Carlson, 
Assoc. ASCE, the University California, Berkeley, 
the development the meter itself, there was development suitable 
method for converting strain concrete, which creeps under load, the 
stresses that caused the deformations. The method departs somewhat from 
the simple relationships obtained for elastic materials, and presented this 
paper sufficient detail that the reader can evaluate the reliability the 
stress distribution curves presented this paper. 

This paper limited scope presentation the stresses found the 
base the spillway section Shasta Dam. attempt made draw 
conclusions regarding the behavior gravity dams general from observation 
the structural behavior Shasta Dam, from the beginning construction 
1940 until May, 1947. Altogether, the complete studies, observations 
were summarized from 1,200 instruments embedded the dam, 224 strain 
gage stations its surface, numerous precise level and traverse surveys and 
around the dam, and the various laboratory and field tests necessary es- 
tablish the properties the concrete the foundation material. Analysis 
the heterogeneous mass data provided consistent evidence that cannot fail 
assure designers the continuing safety the dam and that cannot fail 
provide important adjunct the design future dams greater height 
and mass. 


Dam 


Shasta Dam the largest structure the Central Valley Project, the 
Sacramento River, about miles north Redding, Calif. The dam im- 
pounds 487-ft deep reservoir having capacity 4,493,000 acre-ft. The 
principal tributaries Shasta Reservoir are the Sacramento, Pit, and McCloud 
Rivers, draining area 6,600 miles and having average annual discharge 
5,200,000 acre-ft. The spillway the dam controlled three 110- 
28-ft drum gates and has maximum capacity 200,000 per sec. 


Dam Vol. the Committee Arch Dam Investigation, The Engineering 
Foundation, Proceedings, ASCE, Vol. LIV, 1928, Part 

Dam Investigation,” Vol. II, the Committee Arch Dam Investigation, Sub-Committee 
Model Tests, The Engineering Foundation, 1934. 

Dam Investigation,” Vol. III, final report the Committee Arch Dam Investigation, The 
Engineering Foundation (manuscript copy), 1933. 
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Dam 


Fig. shows the dam plan, elevation, and spillway section taken the 
center line Row 43. Shasta Dam curved-gravity, mass-concrete dam, 
3,460 long, 602 high with maximum base width 568 ft. contains 
6,230,000 concrete. Its unusual, consisting two curved 
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nonoverflow sections 2,500-ft radii, separated 375-ft long straight 
spillway section. The over-all ratio base width height the maximum 
section, not counting fillets, about 1:1 shown Fig. 

The dam was constructed blocks roughly square, except for the 
upstream blocks that were generally longer. Concrete lifts were uniformly 
thick, and the usual interval between lifts was days, with the exception 
the spillway closure blocks which construction was allowed the acceler- 
ated rate every other day.. The concrete was composed 6-in. maxi- 
mum size natural gravel aggregate using four sacks low-heat cement the 
yard. All mass concrete was cooled artificially means system 
embedded cooling pipes, with cooling commencing immediately after the 
placement concrete began. 


METER 


mentioned previously, this paper limited scope reporting the 
stresses computed from deformation measurements the concrete. The 
instrument used measure internal deformations the mass the dam was 
the Carlson elastic-wire strain meter, shown Fig. This meter the 
form long cylinder with anchors the end, containing four-bar linkage 
that supports two elastic wire coils whose resistance varies with changes the 
over-all length the instrument and with temperature. Elaborate precaution 
has been taken prevent corrosion the wires that would also cause change 
resistance. The corrugated brass tube enclosing the working parts filled 
with pure castor oil, except for small cushioning space filled with nitrogen 
gas. All materials the working chamber are metallic ceramic, preclude 
contamination the oil and subsequent corrosion and resistance changes 
the wire. Connection the wires portable testing set made through 
rubber-covered cable that terminates the sealing chamber. This chamber 
turn filled with tar-like compound bar the entrance moisture the 
working chamber. All resistance deformation elastic, and the meter 
exhibits hysteresis under cyclical deformation. With the usual portable 
testing set, capable measuring the ratio resistance the two wire coils 
0.01%, deformations the order millionths inch per inch are 
detected. The meter also measures temperature, with accuracy about 
1°F. With this same design the instrument has proved thoroughly reliable 
and has given good readings Grand Coulee Dam, Wash., for yr. 


Strain Layout 


Stresses have been determined only one general location Shasta Dam. 
the time that the layout strain meters was made, not too much was 
known the exact manner which creep affected strain determinations 
concrete. Accordingly, instead spreading the instruments over the entire 
mass the dam, they were concentrated one location, shown Fig. 
that the maximum amount corroborative information might obtained 
aid the evaluation the effect creep. Groups meters were embedded 
nine general locations throughout the width the dam El. 600 Row 43. 
These strain meters were arranged clusters nine each, with pairs 
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clusters installed each interior point measurement. The selection 
groups nine instruments was made from consideration the theory 
elasticity. This theory indicates that plane strain three measurements are 
required give complete information about strain point. check 
the data made, fourth measurement must made. like fashion, 
six measurements are required determine three-dimensional strain, and for 
checking purposes, three additional measurements must made. 

Meters were placed duplicate along each axis measurement, check 
the accuracy the measurements and preclude loss important data 
through accidental breakage any one meter during embedment. addi- 
tion, with every nine strain meters, control strain meter was embedded 
stress-free cylinder concrete. The purpose this control was measure, 
independently stress, volume changes caused temperature change, 
moisture change, and autogenous growth. expedite and facilitate place- 
ment all these meters the short time available before the concrete set, 
each group nine strain meters was mounted spider, shown Fig. 
2(b). The spider was designed that each leg could undergo small deforma- 
tions without changing the alinement the meter and without trarsmitting 
deformations through the spider another strain meter. 


ANALYSIS 


Volume Changes.—Strain meter perhaps misnomer for this type 
instrument, since the strain meter reality measures length change from 


‘whatever source. change that the strain meter measures partially 


made the volume change caused changing temperature, volume change 
induced change moisture concrete, and autogenous growth. 
addition, there volume change strain caused stress along the axis 
measurement and strains produced through the Poisson’s ratio effect from 
stresses the two other orthogonal axes. computing stresses concrete 
from observed measurement deformation, has been found convenient 
confine the definition strain only that part the deformation that 
caused stress. Thus computing stress, from the total length change 
observed the strain meter, the volume change induced temperature, 
moisture change, and growth must subtracted. 

Thermal Expansion—The most important cause volume change 
thermal expansion. The coefficient thermal expansion uséd the computa- 
tions was found 0.00000485 in. per in. per degree Fahrenheit after con- 
sideration three sources data: (1) Laboratory tests concrete prisms; 
(2) behavior strain meters embedded control cylinders cured place 
the dam; and (3) behavior strain meters mass concrete near free surfaces 
the dam. large masses concrete, such gravity dams, moisture 
change practically nonexistent, based the consideration how readily 
concrete absorbs water and how reluctantly releases free 
Examination the volume changes the control cylinders cured the dam 


Shrinkage Concrete Members,” Roy Carlson, Journal, American Concrete 
Institute, Vol. 33, 1937, 327 


f 
| 
i 
aC 
| 


SHASTA DAM 


disclosed evidence volume change that could ascribed moisture 
change; hence, allowance for such change was made the computations. 

Autogenous volume change has been 
detected Tygart Dam (West Va.), Norris Dam (Tenn.), Hiwassee Dam 
(N. C.), and Grand Coulee Dam (Wash.), and laboratory tests several 
types concrete. has been stated that: 


“The primary causes autogenous volume changes are considered 
the volumetric changes the crystalline constituents cement during the 
process hydration and the gelatinous and crystalline products 


Growth characteristics are different for different types cements and for 
the same types cement from different mills. Observations structures 
service and sealed cylinders show that growth can either positive 
negative. Examination was made embedded strain meters, control cyl- 
inders, and laboratory specimens for evidences autogenous growth. These 
showed that there were some slight evidences autogenous growth Shasta 
concrete, but that the growth definitely was function the number cycles 
temperature which the concrete was subjected, being zero the constant 
temperature specimens, and 0.000048 in. per in. specimens that had been 
subjected temperature cycles. Since the mass concrete Shasta Dam 
was subjected but single temperature cycle, growth was neglected the 
strain computation. 


Theoretical elastic materials, stress related strain 
through Hooke’s law, generally expressed 


three orthogonal axes. like fashion, has been found expedient, 
computing the stresses along the axis any particular strain meter, allow 
for the strain induced the Poisson’s ratio effect adding part the strain 
measured the orthogonal meters, using modification Hooke’s law 
shown Eq. 


elastic material, stress would then related strain through the modulus 
elasticity. 


However, this point important recognize that concrete properties 
ehange continuously with age and that strain and stress are not proportional 
except instantaneously, because the peculiarity creep. Therefore, stress 
and strain are related modified equation: 


Volume Changes Harmer Davis, Proceedings, American Society 
for Testing Materials, Vol. 40, 1940, 1103. 
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that simply says that stress and strain are related through effective modulus 
elasticity, Determination the effective modulus elasticity involves 
the determination the laws governing the continued deformation concrete 
under sustained loading, termed creep.’ 

measured experimentally subjecting sealed specimens 
sustained loading. Some the cylinders tested for Shasta Dam have 
been loaded much years. From these and other tests, the nature 
creep was determined susceptible mathematical analysis and prediction, 
through the following general properties: 


Creep delayed elastic deformation involving changes correspond- 
ing crystalline breakdown slip, and not the plastic flow viscous 
solid; 

working stress, creep proportional stress, but when stress ap- 
proaches the ultimate strength concrete, creep increases much more rapidly 
than stress; 

When the effect age changing the properties concrete taken 
into account, all creep recoverable; 

Creep independent sign, and bears the same proportion either 
positive negative stress; and 

The principle superposition applies creep. 


When laboratory data were examined, was seen that age affected creep 
dual role: Creep proportional duration loading, and inversely 
proportional the age which the load first applied. logarithmic curve 
the form 


was fitted the experimental data for Shasta Dam creep specimens. Eq. 
defines three-dimensional plot, called the creep surface, that has variables 
the total strain, age time loading, and duration loading. The general 
appearance the creep surface for Shasta Dam low-heat cement concrete 
shown Fig. the left-hand axis plotted the age the concrete 
when first loaded. The right-hand axis the duration loading, 
the time that has elapsed after loading was first performed. Plotted vertically 
the total deformation. The first term Eq. the instantaneous de- 
formation, the amount deformation that takes place immediately upon 
the application load. The second term shows the continuing deformation 
with time. For instance, follow along the highest point the curve, 
found that for loading per in. applied the age days, concrete 
will instantaneously deformed slightly more than 0.000001 in. per in. 
time passes, with the loading per in. maintained, the concrete will 
continue deform, until the end about years the total deformation 
almost three times much the instantaneous deformation. well 


known, course, that concrete hardens with age, and this fact reflected 


New Aspect Creep Concrete and Its Application Design,” Douglas McHenry, Pro- 
ceedings, American Society for Testing Materials, Vol. 43, 1943, 1069. 


| 


SHASTA DAM 


the creep surface. For loading later ages, the instantaneous deformation 

smaller than the earlier deformation, and the rate creep correspondingly 

less. this fact that has made analysis strain meter readings difficult 

the past. 
Computation step-by-step computation has been used 

compute stress from the strain curve. The computation illustrated Fig. 

The smoothly curved full line the top Fig. the given strain curve. 


$ 0 ays 
ion 
t - 
Surrace ror Cement Concrete Dam 
For short interval, stress applied that the instantaneous strain plus 
the creeping strain resulting from this increment stress closely approximates 
the given strain curve for that interval, shown the dotted strain curve. 
the original increment stress, another added, that its instantaneous 
strain curve plus creeping strain (when added the previous curve creep 
from the original stress) also crosses the given strain curve, and soon. When 
necessary, negative stress increments are subtracted from the previous total 
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stresses, resulting negative instantaneous strain plus negative creep sub- 
tracted from the previous total creep strain, shown Fig. The stepped 
curve increments stress connected smooth line that represents the 
required stress history corresponding the given strain history. 


STRESSES 


Point Stresses Interior Dam.—Using the above system stress com- 
putations, stresses were found each point measurement for each direction 
covered the strain meters, illustrated Fig. Fig. shows the 
detailed stresses found the interior the dam the point maximum 


+150 
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(Multiply 


—100 


Stress, Pounds per Square Inch 


principal stress. Curve No. vertical stress and gradual increase 
stress maximum around 450 per in. Curves No. and are 
horizontal stresses indicating tensions approximately 175 per in. during 
early ages. The lowest curve Fig. shows the temperatures observed 
this location, indicating the early temperature rise, quick drop from 
primary cooling, slow increase caused continued hydration cement, 
period secondary cooling during the summer 1943, immediately preceding 
the grouting the joints, and slow continued rise about since that 
time. 

Fig. 5(b) shows the stresses measured from the downstream face. 
Fig. Curve No. represents stresses normal the surface and 
from the face the dam. All the other curves represent stresses various 
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directions but parallel the surface. Comparison the stress curves with 
the temperature curve the bottom the illustration shows exact corre- 
spondence between stresses and temperature. noted that, even from 
the surface, there annual cycle stress parallel the face, the order 
800 per in. has been estimated that the daily and annual tem- 
perature cycles produce stress variations the surface itself the order 
1,200 per in. wonder, then, that the surface many large 
concrete structures exhibits much cracking. What fairly surprising 
that from free surface there annual stress cycle 300 per in. 
normal the face. This rapid build-up stress normal free surface 
has been shown photoelastic study stresses near crack. studying 
these stress results, the difficulty attempting determine the structural 
stress dam making measurements the surface clearly shown. The 
surface just protective skin and insulating blanket. Variable temperature 
stresses the surface obscure the structural stresses the dam. 


1945 Water Surface 


Fic. 6.—Cross SHasta Dam 


Effect Construction and history stress individual 
locations interesting, but the effects construction and loading the 
development stress the dam can more easily followed study 
curves the distribution stress across the cross section the dam than 
stress histories individual points. Fig. cross section the dam in- 
dicating the location the strain meter groups and the various stages 
construction and reservoir heights for the years 1943-1946. all cases the 
elevation the tailwater was below that the meters. Fig. the computed 


stresses have been plotted below the cross section the dam for five dates, 


January each year from 1947, inclusive, referred hereafter 
year only. The location the meter groups also plotted the cross section 
the dam. 

Vertical stress shown Fig. 1943, concrete had been placed 
average height 100 above the meter groups. The reservoir had not 
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yet begun fill, and there was only head above the elevation the 
meters. The observed vertical stress this time averaged only per in. 
1944 the dam was almost completed, but the reservoir was still low. Ob- 
served vertical stress had increased maximum around 300 per in. 
the center the dam. 1945 the dam was completed, and the reservoir 
had risen 325 head above the elevation the instruments. The 
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characteristic stress distribution was well established that time, and maxi- 
mum stress was found near the center the dam. general, stress increased 
from compression the upstream face maximum slightly downstream from 
the center the dam, then fell off rather rapidly and continued with fairly 
low value compression the downstream face. This distribution 
contrast with the usual assumption that stress increases some manner from 
low compression the upstream face great deal higher compression near 
the downstream face, under conditions loading such those shown here. 

Shear stresses are shown Fig. 7(b). These stresses were not measured 
directly but were computed from the diagonal stresses. Whereas the vertical 
stress curve differed markedly from previous theoretical computations, the 
shear curves resemble closely the distribution shear that could expected 
from the imposed loading. 1944, with the dam nearly completed and with 
very little loading from the reservoir, the shear roughly S-shaped and fairly 
symmetrical “about the center the dam. Just mountain mass, 
material above any chosen cross section tends slide outward, both upstream 
and downstream. the water load increased, the tendency slide down- 
stream likewise increased, shown the diagrams for the following periods. 
The distributions shearing stresses very closely resemble those predicted 
the gravity analysis and the nonlinear stress analysis for Shasta Dam. 
Maximum shear stress occurs the downstream region the base the time 
maximum water loading, and the order 110 per in. 

Horizontal stresses normal the axis are plotted Fig. 7(c), using the 
same intervals shown previously. During early age, much tension evident, 
but the fully loaded dam shows general compression throughout the base. 
Some tension evident near the pinnacle rock the downstream end 
the dam. 

Fig. 7(d) shows horizontal stresses parallel the axis and very closely 
resembles Fig. 7(c), indicating that horizontal stress about the same all 
directions. may inferred that the horizontal stress caused principally 
temperature, which acts equally normal and perpendicular the axis the 
center square block, rather than load whose effects are felt more one 
axis than another. 

Principal the regions maximum stress, three-dimensional 
principal stresses were computed from the stresses measured along the in- 
dividual axes the strain meter groups. When was determined that the 
principal stresses the highly stressed center region were very nearly parallel 
the transverse plane, the principal stresses this plane were computed and 


-are shown Fig. early ages, while the load comparatively light, 


there definite pattern the principal stress. time progresses, however, 
more regular pattern principal stress noted. the time maximum 
loading, can seen that gradual progression the direction and magnitude 
the principal stresses made from upstream downstream. The maximum 
principal stresses occur the region the center the dam. can seen 
that the second principal stress tension the downstream region the dam 
over the pinnacle rock found the foundation, and that the second principal 
stress immediately upstream from these two strain-meter groups very nearly 
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zero. has been suspected present attenuated fillets the 
downstream face the dam and unmistakably indicated here. might 
inferred from the observed tensions that load should brought more 
directly into the foundation increasing the slope the downstream face 
order ameliorate this condition. 

Comparison Stress and Load.—In all the stress diagrams discussed, the 
stresses have been plotted exactly computed, and attempt has been 
made force equilibrium between the observed stress distribution and the 
known external load. Fig. shows how well the stresses actually balance 
the known external load. each this series diagrams, the full line 
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labeled refers values computed from the external loading, and the 
dotted line labeled refers values computed from the strain meter 
measurements. checking the vertical stresses, the average load was com- 
puted from the total weight concrete plus the vertical weight water 
acting the sloped upstream face above El. 600. The reaction diagram 
merely average the vertical stresses shown Fig. 7(a). can seen 
that early age reaction does not increase nearly rapidly asload. However, 
the time maximum loading the dam, the two diagrams are very nearly 
balance. These early discrepancies may actually have occurred because 
partial support Row Rows and 44. The row which the meters 
were embedded was constructed from months ahead the neighboring 
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rows. quite possible that since Row was completely cooled while the 
other rows were yet expanding, the neighboring rows may have taken part 
the load Row that would normally have been observed the strain 
meters. 

The moments the load and reaction computed about the upstream face 
are shown Fig. 9(b) about the same discrepancies the 
vertical stress diagrams. The observed average horizontal shear shown 
Fig. 9(c) all times less than what might expected from the known load, 
from which may inferred that residual shearing stress exists due 
some local condition temperature. separate studies, the variation 
horizontal stress and shear throughout 5-ft lift concrete has been es- 
tablished. 

Fig. 9(d) shows the position the resultants. this diagram, ordinates 
represent the total width the dam, and the limits the middle third have 
been depicted the pair dotted lines. The observed position the 
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AND INTERNAL CHECKS 


resultant very closely corresponds from the known load, 
never going outside the middle third, but fact lying the region bounded 
the center the dam and the upstream third point. may inferred 
from this that even without the downstream quarter the dam, the resultant 
would still lie the middle third. Since the check equilibrium conditions 
nearly exact the time maximum water loading, may assumed that 
equilibrium does exist under conditions cantilever loading and, corollary, 
that very little water load supported arch action. This corroborates the 
designers’ assumptions that the arching Shasta Dam too slight 
appreciable structural value but merely serves allow the dam follow the 
configuration the site. 

Analysis Vertical again the discrepancies evident 
the vertical stress diagram and the moment diagrams, interesting note 
the minor modifications made Fig. when equilibrium forced between 
the reaction and the load. Fig. shows the vertical stress distribution for 
Fig. 7(a) corrected that vertical equilibrium and moment equilibrium have 
been achieved. Correction was made adding the curve observed 
vertical stresses uniformly varying correction that would make and 
The chief difference between the observed and corrected stress 
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diagrams that the questionable tension that formerly was shown the 
downstream region the 1944 stress distribution has now disappeared entirely. 
general, the appearance the stress distribution diagram unchanged. 
before, vertical stress increases from some moderate compression the 
upstream face maximum value near the center the dam, thence falling 
off rapidly uniformly low stress the downstream quarter the dam. 
must recognized course, that 1947 the reservoir had not reached 
the maximum water surface elevation 1065, the top the open drum gate. 
foot increase depth the top the reservoir puts much more stress 


the dam than corresponding 

increase lower level. 

which, the best knowledge 
the author, vertical stresses have 


Shasta Dam the only dam 
low value for appreciable 
distance near the downstream 
face. should noted that 
this likewise the only dam 
having extensive upstream 
This may provide 
may possible gain economy 
design gravity dams. 
providing loading shelf for the 
weight water rest the 
lower elevations the dam and 
shaving corresponding amount 
from the downstream face the 
dam, equivalent stability, more 

uniform stressing, and increased Fie. Stresses CoRRECTED BALANCE 
economy provided without Known Loaps 

essential change 

Photoelastic studies made the laboratories the USBR tend check this 
hypothesis. 

Temperature conditions were examined see these would account for 
the unaccustomed appearance the vertical stress distribution diagrams. 
studies strain meter measurements naturally cooled gravity dams, 
extensive transfer stress from the interior the outer boundaries the dam 
has been noted, the center the mass cools slowly final stable temperature. 
Typically, interior vertical stresses Tygart, Norris, and Hiwassee Dams 
are reported very close zero instead the 200 per in. that might 
expected, and stress near the outer face was correspondingly increased 
maintain equilibrium. Conversely, the center Shasta Dam had warmed 
much greater degree than the outer regions, the core might expected 
supporting more than its usual share the load, with consequent diminu- 


Vertical Stress, Pounds per Square Inch 

ie) 
> 
uo 


200 300 400 
Distance From Upstream Face, Feet 


& 


SHASTA DAM 


tion stress near the outer boundaries. Could observed maximum stresses 
the center Shasta Dam have been-caused temperature rise this 
location? 

Concrete large masses continues hydrate for many years after has 
been placed. Fig. 5(a). long-time rise temperature lasting least 
years evident following the period final cooling. Hoover Dam, 
equilibrium conditions appear reached 1949 the temperature 
rose steadily but slowly since 1934. the temperature rise was confined the 


center the dam the blanketing effect the outer layers concrete, while 
the outer layers remained stable temperature because closer proximity 
the relatively stable cyclical air temperature, the center might expected 


expand more than the outside, and might deduced that the center 
the dam would bear more than its share the load, with consequent higher 
compression. produce the observed distribution stress, the distribution 
temperature rise would have bear close resemblance the stress diagram. 
Fig. shows the temperature rise following final cooling various elevations 
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inthedam. For each elevation, the actual temperature rise plotted outward 
from the dam, the width the shelf being proportional the temperature rise. 
can seen that near the regions which the strain meters were placed, 
temperature rise was nearly uniform across the cross section thedam. Since 
the curve distribution temperature rise the base bears resemblance 
the stress distribution, explanation must found elsewhere for the increased 
compression the center portions the dam. 

Advanced stress analyses concrete gravity dams have not been partic- 
ularly helpful explaining the observed distribution vertical stress the 
base Shasta Dam. For high dams, has been the practice the USBR 
make nonlinear stress analysis for the maximum cantilever thedam. 
this analysis, the dam and portion the foundation are analyzed single 
unit composed homogeneous material, using the analogy between the 
stress system plate loaded the plane the plate, and the deflections 
plate the same shape bent under system boundary forces normal the 
plate. The nonlinear stress analysis made for the spillway section Shasta 
shows stress distribution that resembles somewhat that found the 
upstream portion the dam. However, the analysis shows very high stress 
near the downstream face the dam, that was not found the actual structure. 

another study® consideration was given the effect stresses the 
base gravity dam differences between rigidity foundation rock and 
dam concrete. For the relative rigidities found Shasta Dam, this again 
gave maximum compressive stresses near the upper center the base, but 
stresses the heel were tensile, and there was considerable compression the 
toe. These conditions were not found the prototype. 

has determined vertical stresses which the maximum 
stress under dead load plus live load occurred near the center the base, 
with minimum stresses near the faces. However, this distribution was dictated 
water loading, since dead loading alone produces distribution vertical 
stress resembling the Levy triangle. This just the opposite what was 
noted the prototype, which the shape the stress distribution curve was 
established dead load. 

Photoelastic have given good correlation between predicted and 
observed stress distributions. Dead load stresses these studies were very 
nearly the same those reported this paper, and the water load gave 
equivalent modifications the dead load stresses. 

Since dead load predominantly responsible for the shape the vertical 
stress distribution curve and since the dam was cut into small segments 
the method construction, analysis was made see what the dead load 
stress distribution might all loads went directly downward the founda- 

Nonlinear Stress Distribution Maximum Section Shasta Dam,” 


Sidney Larson, Technical Memorandum No. 606, Bureau Reclamation, Dept. the Interior, 
Denver, Colo., 1940. 


the Grand Coulee Dam,” Silverman, Zangar, Soehrens, and Brahtz, Technical, 
Memorandum No. 494, Bureau Reclamation, Dept. the Interior, Denver, Colo., 1935. 

Stress Distribution Gravity Dams,’’ Zienkiewicz, Journal, Institution Civil 
Engineers, Vol. 27, 1946-47, 224. 
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tion, instead being distributed, commonly assumed most elastic 
analyses. Fig. shows the appearance the dam the time the longitudinal 
joints the vicinity the strain meter installation were grouted. Immedi- 


ately below this diagram, there plotted, the dashed curve, the distribution 


stress computed for each separate block the dam. Associated with this 
the balanced observed 

stress for the same data 
can seen that this 
period, that represented 
very nearly the entire dead 
practically water load- 
ing, there was very close 
correspondence between 
the two diagrams with the 
exception the end points 
that are greatly modified 
surface temperature. 
The weight and moment 
the remaining concrete 
load and the maximum 
water load were then dis- 
tributed over the entire 
base, since this now has 
been welded into whole 
grouting, resulting 
the lower dotted diagram 
this figure. before, 
the balanced observed ver- 
tical stress distribution 
can seen that corre- 
spondence very close for 
both diagrams, indicating tendency for dead load supported the 
foundation directly beneath, instead being distributed the entire base. 
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12.—CoMPARISON OBSERVED AND CoMPUTED STRESS 
Dam 


may concluded that the method determining stress from the 
strains measured the interior concrete dams can considered reliable. 
The rather unusual stress distribution the base Shasta Dam appears 
consistent with the shape the dam and its method construction. Con- 
struction techniques and temperature change have greater influence 
stresses gravity dams than the water load. The low magnitude the 
actual stresses the dam gives ample assurance structural safety. The 
measured results cited herein provide source data for the design and analysis 
large concrete dams. 
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